Ferritins are one of the most important elements of cellular machinery involved in iron management. Despite extensive studies conducted during the last decade, many factors regulating the expression of ferritin genes in plants remain unknown. To broaden our knowledge about the mechanisms controlling ferritin production in plant cells, we have identified and characterized a new family of ferritin genes (from yellow lupine). We have also inventoried all available plant ferritins and their genes and subjected them to a complex bioinformatic analysis. It showed that the conservative structure of ferritin genes was established much earlier than it was thought before. The first introns in ferritin genes appeared already in green algae. The number and location of introns have been finally established in mosses, over 400 million years ago, and are strictly preserved in all plants from bryophytes to dicots. Comparison of ferritin gene promoters revealed that the 14-bp-long iron-dependent regulatory sequence (IDRS), identified earlier in Arabidopsis and maize, is characteristic for all higher plants. Moreover, we found that a highly conserved IDRS can be extended (extIDRS) up to 22 bp. Phylogenetic analysis of plant ferritins showed that polypeptides of the eudicot clade can be divided into two subclasses (eudicot-1 and eudicot-2). Interestingly, we found that genes encoding proteins classified as eudicot-1 and eudicot-2 are equipped with class-specific promoters. This suggests that eudicot ferritins are structurally and perhaps functionally diverse. Based on the above observations, we were able to identify conservative elements (ELEM1-6) other than extIDRS within plant ferritin gene promoters. We also found E-boxes and iron-responsive sequence elements FeRE1 and 2, characteristically distributed within ferritin promoters. Because most of the identified conserved sequences are located within or in close proximity of extIDRS, we named this fragment of the plant ferritin gene promoter the regulatory element rich region.
Introduction
Due to its chemical properties, iron, one of the most abundant elements of the Earth's crust, is rather difficult for plants to absorb (Guerinot and Yi 1994) . Plants that mostly suffer from iron deficiency developed during evolution efficient mechanisms of its mobilization and uptake (Marschner and Romheld 1994) . All no grass plants (strategy I plants) acidify their rhizosphere, thus increase the solubilization of iron compounds and reduce Fe(III) to Fe(II) form, which is actively transported into the root cells. The other strategy, used by grasses (strategy II plants), is based on the synthesis of small compounds called phytosiderophores, which released to the rhizosphere effectively complex Fe(III), enabling its uptake into the plant's root. Because iron deficiency is one of the most limiting agents in plant production (World Health Organization; http://www.who.int/nutrition/topics/ida/en/), genes involved in Fe mobilization, uptake, and transport are extensively investigated (Curie and Briat 2003; Kim and Guerinot 2007; Walker and Connolly 2008, and citations therein) .
In spite of being indispensable, iron also poses major threats to cells' integrity. By taking part in the Fenton reaction, it generates hydroxyl radical, one of the most powerful oxidants known in nature. The 24 subunit ferritin complex is the main (besides of vacuole) known store of iron in living organisms. It is capable of holding up to 4,500 iron atoms (Harrison and Arosio 1996; Smól et al. 2001) . In plants, ferritins are primarily localized in plastids (Lescure et al. 1991 ) and in mitochondria (Zancani et al. 2004 ). However, unlike in animals, plant ferritins have not been found in cytoplasm. The main function attributed to ferritin is safe management of free iron. Ferritin sequesters iron in overload situations and supplies it in case of demand. Plant ferritins also constitute an essential element of stress-response mechanisms. The expression of ferritin genes is induced by high light, low temperature, pathogen attack, symbiotic interactions, and wounding (Ragland and Theil 1993; Murgia et al. 2001; Tarantino et al. 2003; Dellagi et al. 2005; Strozycki et al. 2007 ). These genes are also developmentally regulated in different plant organs Strozycki et al. 2007 ). The list of factors affecting the accumulation of ferritins and/or their messenger RNAs (mRNAs) is still growing, indicating that the regulation of ferritin genes requires diverse and highly specific mechanisms.
It has long been known that in contrast to animal, plant ferritin synthesis in response to iron excess is regulated at the transcriptional level rather than the translational one (Lescure et al. 1991; Petit, van Wuytswinkel, et al. 2001 ). The only cis-regulatory element of ferritin promoters described so far is the iron-dependent regulatory sequence (IDRS). Fourteen base pair-long IDRS has been identified by alignment of promoter sequences of two orthologous genes: ZmFer1 and AtFer1 from maize and Arabidopsis, respectively (Petit, van Wuytswinkel, et al. 2001) . It was also demonstrated that IDRS is involved in ZmFer1 and AtFer1 repression in iron-deficient conditions (Petit, van Wuytswinkel, et al. 2001; Tarantino et al. 2003) . In addition, it was shown that in contrast to ZmFer1, at least two independent pathways are involved in AtFer1 regulation in response to iron and H 2 O 2 (Gaymard et al. 1996; Arnaud et al. 2006) . Moreover, the accumulation of ferritin and its mRNA is stimulated by NO, acting through IDRS downstream of iron (Murgia et al. 2002) . It has been demonstrated, using Arabidopsis cell cultures, that in fact iron induces NO accumulation in plastids and that NO scavengers completely abolish iron-dependent AtFer1 expression (Arnaud et al. 2006) . It was later hypothesized that the transcription of AtFer1 can be controlled by a retrograde signal of plastidial origin and unknown nature (Arnaud et al. 2006) . The strong decrease of the AtFer1 mRNA level after the inhibition of the proteasome-dependent protein degradation suggested that protein which represses AtFer1 expression is ubiquitinated. Thus, the binding of the putative repressor to the ferritin promoter at low-iron conditions, and iron-induced repressor degradation by 26S proteasome, may regulate AtFer1 transcription (Arnaud et al. 2006) . Interestingly, gel shift experiments indicate that this repressor does not bind directly to IDRS (Petit, van Wuytswinkel, et al. 2001; Arnaud et al. 2006) . It has been proposed that IDRS-binding transcription factor(s), acting downstream to the repressor, is(are) essential but not sufficient for AtFer1 derepression. Other experiments showed that IDRS can also be a part of tissue-specific (developmental) control of ferritin gene expression (Tarantino et al. 2003) . Additionally, although the AtFer1 promoter was activated during both age-and dark-induced senescence, IDRS has been shown to mediate only dark stress activation (Tarantino et al. 2003; Murgia et al. 2007) .
The description of mechanisms controlling ferritin production is additionally complicated by the fact that ferritin genes from the same species are differentially regulated. In Arabidopsis for example, iron overload induced the expression of three of four genes: AtFer1, AtFer3, and AtFer4. Out of them, only AtFer1 and AtFer3 were activated by H 2 O 2 . AtFer2 was induced by abscisic acid but was responsive to neither iron nor H 2 O 2 . AtFer2, AtFer3, and AtFer4 were induced in response to photoinhibition, and AtFer3 transcript was increased upon wounding. AtFer1 was not activated by either of these factors (Tarantino et al. 2003) . In maize, both ZmFer1 and ZmFer2 transcripts accumulated, with different kinetics, in response to iron. ZmFer2 was activated by abscisic acid (ABA) and drought and ZmFer1 was activated by H 2 O 2 (Fobis-Loisy et al. 1995; Savino et al. 1997) . We have also observed the different levels of expression of all three ferritin genes, in response to iron in lupine. Similarly to Arabidopsis or maize, only one lupine gene (LlFer2) appears to be induced by ABA (Strozycki et al. 2003) . In cell cultures, LlFer3 was repressed by ABA but induced by light. Moreover, ferritin genes are specifically expressed in different parts of the plant. For example, AtFer1, AtFer4, and AtFer3 are expressed in vegetative organs but not in seeds in which AtFer2 mRNA was found . Interestingly, only two of the three genes (LlFer2 and LlFer3) were detected in all lupine organs tested including seeds. The third one (LlFer1) was detectible only in flowers (Strozycki et al. 2007) .
It is very likely that in the course of plant kingdom evolution, the spectrum of ferritin functions was changing and/or modifying. For example, in vascular plant Arabidopsis, ferritin seems not to be the major pool of iron for the proper functioning of chloroplasts (Ravet et al. 2009 ). Whereas, in green alga Chlamydomonas, ferritin is required for rapid remodeling of the photosynthetic apparatus, and its expression is upregulated under iron-limiting conditions (Busch et al. 2008; Long et al. 2008) . It was also suggested that the involvement of ferritin in iron storage in seeds may vary between different species, that is, in legumes, 98% of iron is stored in ferritin and in Arabidopsis only 5% (Marentes and Grusak 1998; Ravet et al. 2009 ). Now, we are still far from knowing how many pathways are involved in the regulation of ferritin gene expression in plants. Not much is known about how various inducers and/or repressors function in these pathways and where and how these pathways overlap with one another. Regulatory diversification between different groups of plants (i.e., grasses and other plants) can further complicate the picture. Searching for similarities and differences in gene and protein structures can help design possible strategies for functional and comparative analyses. In this paper, we describe a new yellow lupine ferritin gene family and analyze the structures of these genes together with structures of other known plant ferritin genes. We also trace the evolutionary course of intron appearance in contemporary land plants. Phylogenetic analysis allowed us to distinguish two subclasses of ferritins among eudicots and to identify putative cis-regulatory elements in ferritin gene promoters.
Materials and Methods

Lupine Ferritin Gene Identification
The genomic library constructed in the lambda vector EMBL-3 was screened using a mixture of whole cDNAs of lupine ferritins as probes (Boron and Legocki 1993; Strozycki et al. 2003) . Selected clones were rescreened, with polymerase chain reaction (PCR)-generated probes specific separately to 5# and 3# ends of each ferritin cDNA. Primers for specific probes generation were as follows-5# end: LlFer1 (catttctcacttcctttctctca, ttcttcgatgagggtaagtgct), LlFer2 (cgccactgatttcctttca, tttgcttcagatttgtcaacac), and LlFer3 (ttacttcctttctcttcttttctaata, tgtgcttctaatgtgccagca) and 3# end: LlFer1 (caaagtcttcttgatgatctcga, tcaaagtatcaaagtactatatgcaataa), LlFer2 (aaaaacttcttcatggtgctga, tgcaaatgttactatgttagtattttatg), and LlFer3 (caaagacttctacatgatcatgtgta, taacatatgtttgttccatgca). PCR and screening Strozycki et al. · doi:10.1093/molbev/msp196 MBE conditions were as described earlier (Strozycki and Legocki 1995; Strozycki et al. 2000) . Clones hybridizing with both 5#-and 3#-end probes and containing the longest inserts were sequenced from both strands.
Database Ferritin Gene Sequence Acquisition
Nucleotide and amino acid sequences of plant ferritin genes and polypeptides, respectively, were retrieved from several databases (listed below). In each case, the proper assignment of translation start codon and intron/exon borders was manually verified.
Most sequences come from the National Center for Biotechnology Information GenBank; http://www.ncbi.nlm.-nih.gov (GB) and the other sources are specified: DOE Joint Genome Institute; http://genome.jgi-psf.org (JGI), Cyanidioschyzon merolae Genome Project; http://merolae. biol.s.u-tokyo.ac.jp (ME), Kazusa DNA Research Institute; http://www.kazusa.or.jp/e/resources/database.html (KZ); The Computational Biology and Functional Genomics Laboratory; http://compbio.dfci.harvard.edu/tgi/plant.htm (CB), and The J. Craig Venter Institute; http://www.tigr.org/ plantProjects.shtml (TIGR).
Comparative Sequence Analysis
For the alignment and similarity search of nucleotide and amino acid sequences, ClustalW (v.1.81) (Thompson et al. 1994) , GENEDOC (Nicholas and Nicholas 1997) , and DNA-SIS (Hitachi Software Engineering Co., Tokyo, Japan) programs were used.
To simplify the presentation and later discussion of our results, we used the term ''promoter'' to describe the whole noncoding region 2,000-bp upstream from the translation initiation signal ATG.
To search for more universal patterns, we compared regions covering 100-bp upstream and 100-bp downstream from the IDRS-like element in four groups: 1) algae, 2) moss and lycopodium, 3) monocots, and 4) dicots. Additionally, in each group, the elements upstream and downstream from the IDRS-like sequence were aligned separately. The final arrangements were made based on phylogenetic analyses.
Phylogenetic Analysis
Phylogenetic analyses were performed using programs from the PHYLIP package (v.3.67; http://evolution.genetics. washington.edu/phylip/doc/main.html) (Felsenstein 1989) and visualized with TREEVIEW (Page 1996) . Initially, they involved full-length amino acid sequences. To exclude the negative impact of sequence length variation, we also performed calculations using ''core regions'' of similar length. In this case, sequences were trimmed from the N-end up to the first conservative alanine and from the C-end after the last conservative leucine (supplementary fig. 3 , Supplementary Material online).
Results and Discussion
Comparative Analysis of the Plant Ferritin Genes
Although in recent years numerous reports regarding iron management in plants have been published, only a few of them concern ferritins. Earlier we identified three different ferritin mRNAs in yellow lupine (Lupinus luteus), a member of the legume plant family. Their cDNAs were cloned and sequenced (Strozycki et al. 2003) . In order to identify corresponding genes we screened the yellow lupine genomic library using all three full-length cDNAs as probes. As a result, 63 genomic clones were selected for further examination. They were hybridized with three pairs of 32 P-labeled probes, each specific to the 3#-and 5# end of one ferritin mRNA. Each individual clone selectively bound with one pair of probes only. This indicated that at least three ferritin genes are present in the yellow lupine genome. Genomic clones hybridizing with both 3# and 5# probes were sequenced. As expected, three lupine ferritin genes LlFer1-3 were identified. They have a similar organization, which corresponds to a proposed eight-exon model of plant ferritin gene (supplementary fig. 1 and table 1, Supplementary Material online) (Proudhon et al. 1996) .
To see how uniform the eight-exon model is in the plant kingdom, we compared all available sequences of ferritin genes. Database searches yielded 36 genes from 16 species (supplementary list 1, Supplementary Material online) that cover a wide spectrum of plant taxonomic groups from red algae through green algae, mosses, and lycopodia (club moss) to flowering plants. Our analysis revealed that the ferritin genes of red alga Cyanidioschyzon and primitive marine green alga Ostreococcus (Prasinophyceae) are intronless (supplementary table 1 To find out whether tendencies observed during the evolution of plant ferritin genes are somehow reflected in encoded polypeptides, we compared all available amino acid sequences of plant ferritins (supplementary list 2, Supplementary Material online). A plain alignment of 82 amino acid chains revealed the high similarity of plant ferritins, including those from red and green algae (supplementary fig. 3 , Supplementary Material online). The same is true for the so-called ferroxidase centre composed of seven residues: E-Y-E-E-H-E-Q (Andrews et al. 1992; Gaymard et al. 1996) . Simultaneous analysis of nucleotide and amino acid alignments showed that intron placement in ferritin genes is totally conserved for all land plants. This phenomenon has earlier been reported for flowering plants (Proudhon et al. 1996) . Positions of amino acids in the exon Plant Ferritins · doi:10.1093/molbev/msp196 MBE junction sites as well as reading frames, in which introns are inserted: 2-2-0-1-0-0-1, are conserved (for details see supplementary fig. 3 , Supplementary Material online). Although the ferritin genes of green algae Chlamydomonas and Volvox have a different exon-intron organization from that found in the higher taxa (supplementary table 1, Supplementary Material online), it was possible to identify positional ancestors of introns 1, 2, and 6. Based on differences in the organization of ferritin genes from flowering plants (monocots and eudicots) and animals, it has been hypothesized that they acquired introns late in evolution and that plant-and animal-specific selective factors extorted their structure (Proudhon et al. 1996) . Our analysis of 36 gene sequences from lower and higher plants showed that the putative ancestor of the plant ferritin gene was probably intronless. It acquired introns just after the evolutionary separation of the two kingdoms. The first introns appeared already in green algae (supplementary table 1, Supplementary Material online). Even if the number of ''early'' introns seems random, some intron positions were already preset and later preserved (supplementary fig. 3 , Supplementary Material online). Moreover, we have also found that in these primordial genes (e.g., Chlamydomonas Fer1 and Volvox FER2 and FEN1), introns are also present in sequences coding for transit peptides (Long et al. 2008 ). It is not clear whether the existence of these introns and their subsequent loss result from the evolution of transit peptide sequences as has been suggested for other genes (Quigley et al. 1988; Wolter et al. 1988) . Finally, our analysis showed that ferritin genes gained their conserved organization (seven precisely positioned introns located exclusively in the sequence encoding the mature subunit) ( fig. 1) , about the time of bryophytes appearance, already over 400 million years ago (Hernandezlucas et al. 1995; Nishiyama et al. 2003) . These analyses also support the hypothesis that plant-specific selection pressure that shaped the number and position of the intervening sequences was at least in part related to coevolution of ferritin nuclear genes and plastids (chloroplasts and mitochondria) (Keeling 2004) .
Phylogenetic Analysis of Ferritin Polypeptides
Prior phylogenetic analysis of plant ferritins showed that some legume ferritins unexpectedly grouped closer to nonlegume than legume sequences (Strozycki et al. 2003) . To address the question of possible intra-and interspecific diversity of plant ferritin subunits, we generated two new phylogenetic trees. They have comprised 82 ferritin polypeptides from algae, moss, and lycopodia (here designated as lower plants) to seed plants, including both gymnosperms and angiosperms ( fig. 2 ). The first tree was calculated based on the full amino acid sequences and the other based just on the core sequences, lacking variable C and N termini. The computed trees generally correspond to a classical plant phylogeny. However, it appeared that ferritins of eudicot species are clearly divided into two separate subclasses, which we termed eudicot-1 and eudicot-2. Bootstrap support for this division was as high as 95% on the full sequence tree and 54% on core sequences tree ( fig. 2 and supplementary fig. 4 , Supplementary Material online, respectively). Interestingly, members of each order of rosids (eurosid I and eurosid II) were found in both subclasses but those from asterids (euasterid I and euasterid II) only in eudicot-1 subclass. Moreover, most ferritin sequences of Fabales (eurosid I) were found in eudicot-2. It should also be pointed out that the majority of eudicot species produce both eudicot-1 and eudicot-2 types of ferritin polypeptides. Additionally, we noticed that Lycoris aurea (Asparagales) ferritins grouped together with eudicot-2 instead of monocots (supplementary fig. 4 , Supplementary Animal studies on animals revealed that individual ferritin complexes are often heterogeneous. They contain H-and L-type subunits in various proportions. The composition of complexes depends on many factors. It is tissue specific and changes during the development (Harrison and Arosio 1996) . It is likely that in plants, there is a similar phenomenon. Therefore, revealing mechanisms regulating ferritin gene expression is of special importance for
FIG. 2.
A phylogenetic tree of green-plant ferritin polypeptides. Whole-ferritin polypeptide amino acid sequences were used for calculations. Information concerning ferritin sequences is collected in (supplementary list 2, Supplementary Material online). The tree was generated using the PHYLYP program package. Red algae Cyanidioschyzon merolae was used as an outroot. The percentages of bootstrap support, calculated from 1,000 bootstrap resamplings, are shown on the branches.
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Extended IDRS-Like Motifs
As we mentioned before, the 14-bp-long IDRS motif, negatively controlling ferritin gene expression in iron-limiting conditions, has been described only for AtFer1 and ZmFer1 promoters (Petit, van Wuytswinkel, et al. 2001) . High sequence similarity of the AtFer1 and ZmFer1 gene products on the one hand, and a unique pattern of the other ferritin genes expression in the same plants on the other (i.e., ZmFer2 in corn or AtFer2, 3, and 4 in Arabidopsis), raised the question whether IDRS-like elements commonly occur in all plant ferritin gene promoters or are specific to their defined classes (Fobis-Loisy et al. 1995; .
Our analyses of promoters in lupine ferritin genes showed that the IDRS-like element is present and similarly located in each of them ( fig. 3 ). Since 14-bp sequences originating from distinct plants (Zm; graminaceae vs. At; eudicot) have been experimentally proven crucial for iron-dependent regulation, we decided to investigate the possible evolutionary specialization of IDRS-like elements in all available plant ferritin promoters. We screened 43 gene promoters (where available up to 2,500-nt upstream of ATG codon). This analysis revealed the presence of similar motifs in each ferritin promoter. However, the identity of putative IDRS-like elements to those of Arabidopsis, maize, or lupine was less obvious for lower than for seed plants ( fig. 3 ). The localization of these sequences was also less restrictive within the promoters of lower plants. Higher plant IDRS-like elements showed a very high degree of identity and were exclusively located within the 260-bp upstream from the initiation codon. These results are consistent with the earlier-mentioned observations concerning differences in ferritin genes regulation in lower and higher plants (Busch et al. 2008; Long et al. 2008; Ravet et al. 2009) .
A detailed analysis of the immediate surroundings of IDRS-like elements in higher plants allowed us to extend this high identity box from 14 nt (IDRS) up to 22 nt (extIDRS) ( fig. 3 ). This longer identity has previously been overlooked because the AtFer1 (eudicot-2) promoter appears the most dissimilar (compared with AtFer2-4 promoters; eudicot-1) to the ZmFer1 promoter just as AtFer1 and ZmFer1 polypeptides are (figs 2-4) (Petit, van Wuytswinkel, et al. 2001 ).
Conservation of extIDRS Proximity
There are several lines of evidence that transcription factors, other than those interacting with IDRS, are also involved in the regulation of ferritin gene expression (Arnaud et al. 2006) . Therefore, we have extended our quest for conservative motifs (interspecific rather than species specific) to the entire promoter. We could not find any common elements within the promoters of lower plants (supplementary fig. 5, Supplementary Material online) . In the case of higher plant promoters, we noticed that most similarities are concentrated in the immediate surroundings of extIDRS motifs. Thus, we focused our further analyses mainly on the ±100 nt proximity of extIDRS, naming these fragments 3# and 5# regulatory element-rich regions (RERRs). In 5#-RERRs of monocots (maize, rice, and sorghum), we identified a 23-nt-long interspecific element (ELEM1) (fig. 4A) . Moreover, monocot 3#-RERRs appeared highly conservative across a distance of as much as 67-76 (ELEM4) (fig. 4B) . Comparison of the promoters from dicots resulted in a much more complex picture. We were able to identify several motifs, but they were always characteristic only for a fraction of analyzed promoters and did not reflect evolutionary relationships between the particular species. Interestingly, we were able to produce coherent alignments just by taking into account the results of phylogenetic analyses of ferritin polypeptides (fig. 4) . Clustering promoter sequences within separate eudicot-1 and -2 subclasses resulted in the identification of common sequence elements. In eudicot-1, only closely related species have some common motifs within their 5#-RERRs, for example: Arabidopsis thaliana and lyrata or Ricinus and Populus (Malpigiales). Corresponding regions of all eudicot-2 genes possess two conservative motifs: ELEM2 (21 bp) and ELEM3 (15 bp). Eudicots (3#-RERRs) appeared even more conservative. Within 3#-RERR of eudicot-1, we identified a 19-to 20 nt-conservative region (ELEM5), which displays high identity to a fragment of ELEM4 in monocots. A similar motif, ELEM5A (18 bp), is also present in eudicot-2 3#-RERR. Further downstream, we identified a 12-bp fragment, ELEM6, present in monocots and eudicots. It is worth to mention that ELEM6 of eudicot-1 appears to be an intermediate between monocots and eudicot-2 (ELEM6A). Finally, motifs identified within RERR regions have been confronted with other known regulatory sequences. This demonstrated that ELEM1-6 are not similar to any of them.
In general, we found a clear correlation between RERR organization and characteristic grouping of ferritin polypeptides in phylogenetic trees. Most eudicot species for which several ferritins were found have their representatives in both subclasses. For example, three of four Arabidopsis (thaliana and lyrata) ferritins group in eudicot-1, whereas only one appears in eudicot-2. In Populus, two of five ferritins belong to eudicot-1 and three other to eudicot-2. Accordingly, one can hypothesize that ELEM1-6 can play a role in class-specific regulation of ferritin gene expression. The fact that all three yellow lupine ferritins group in eudicot-2 bring the question whether fourth, eudicot-1-type, ferritin also exists in this plant. Further analysis of yellow lupine genome is needed to solve this problem. At this point, we decided to focus our analyses on some promoter motifs that were predicted to play an important role in iron-dependent regulation of genes other than ferritins.
E-box-basic helix-loop-helix Transcription Factor Binding Sequence
Recently, it has been demonstrated that basic helix-loophelix (bHLH) transcription factors are involved in iron-deficiency response in tomato (FER) Arabidopsis (FER-like iron deficiency induced transcription factor) and rice (IRO2) (Ling et al. 2002; Colangelo and Guerinot 2004; Ogo et al. 2007) . bHLH proteins form one of the largest transcription factor families in plants. In Arabidopsis, more than 160 genes encoding bHLH were identified and classified into 21 different subfamilies (Heim et al. 2003; ToledoOrtiz et al. 2003) . bHLH are implicated in a broad range of biological processes in plants, animals, and fungi (Ledent and Vervoort 2001; Wellmer et al. 2006) . Their regulatory functions may comprise both gene activation and repression (Massari and Murre 2000) . Conservative amino acids of the bHLH's basic region recognize a 6-bp-long sequence (CANNGT) named E-box. To determine whether bHLHbinding sequences are present within the promoters of plant ferritin genes, 2,000-bp (1,000-bp) regions located upstream from the initiation codon were examined. Specifically, distributed E-boxes were identified in each analyzed promoter. Their number ranges from 6 to 17 (0-8) for lower plants and 3 to 13 (1-8) for higher plants (supplementary table 2, Supplementary Material online). E-boxes were present in almost all RERRs in higher plants and appeared there very characteristically emplaced. 5#-RERRs of maize, rice, and sorghum (monocot/Graminaceae) lacked E-boxes, whereas all eudicot-1 (except for AlFer3 and AtFer3) possessed these sequences in corresponding region ( fig. 4A ). Only three (PotFer5, MtrFer2, and LlFer1) of 13 eudicot-2 5#-RERRs contained E-box elements. Most 3#-RERRs of higher plants possess one or two E-boxes (exceptions: PotFer6 and MtrFer3 of eudicot-1 and PotFer3, LjapFer, MtrFer1, and LlFer2 of eudicot-2). Interestingly, all E-boxes were localized within 33-bp downstream from extIDRS. Moreover, all of them could be aligned at two localizations: one characteristic for nonlegume representatives of eudicot-2 and the second found in the majority of higher plant RERRs, including legumes ( fig. 4B ). Transient expression experiments have suggested that G-box type of E-box (CACGTG) located within RERR of the maize ZmFer1 gene is not required for iron-dependent regulation (Petit, van Wuytswinkel, et al. 2001) . However, the conservative position of this sequence in close proximity of extIDRS in most plant ferritin promoters indicates its relevance. One can also expect that together with other factor(s)/element(s), it is part of a fine-tuning mechanism. This type of co-operation was demonstrated for FIT1 and BHLH38/39 factors, in the regulation of FRO2 and IRT1 genes, in response to iron limitation in Arabidopsis (Yuan et al. 2008) . It was also presented that nucleotides outside of the core hexanucleotide influence the specificity of Ebox interactions with bHLH (Atchley et al. 1999; Massari and Murre 2000) . The predictions of motifs, which can be recognized by bHLHs from A. thaliana, suggested that as much as 82% (89 of 109) of transcription factors bind to G-box-type elements (Toledo-Ortiz et al. 2003) . Surprisingly, only 12% of all E-boxes found in 2,000-bp upstream from the translation initiation codon of all plant ferritin genes and 41% of these within RERRs were G-box type (supplementary table 3, Supplementary Material online). However, the regulation of AtFer1 and AtFer4 genes in iron deficiency conditions have been reported to be independent of the FIT1-bHLH-type transcription factor (recognizing non-G-box types of E-box) (Toledo-Ortiz et al. 2003; Colangelo and Guerinot 2004) . The high diversity of bHLHs allows for the very specific control of various genes or groups of genes. On the other hand, many of the genes regulated by bHLH-type IRO2 transcription factor in rice fig. 3 . Red vertical bars depict extIDRS elements presented in fig. 3 . Strozycki et al. · doi:10.1093/molbev/msp196 MBE do not have the consensus IRO2 binding sequence (CTCGTGG) in their promoters, suggesting that OsIRO2 may act by regulating other transcription factors (Ogo et al. 2007) .
Generally, these data imply the possibility of the involvement of bHLH transcription factors in the regulation of plant ferritin gene expression. However, these factors still have to be identified.
FeRE1 and FeRE2 in Plant Ferritin Promoters
Earlier it was shown that in Chlamydomonas, two ironresponsive elements (FeRE), FeRE1 (CACACG) and FeRE2 (CACGCG), control feroxidase FOX1 gene expression in iron-deficient conditions. Thus, we decided to follow this observation and check if similar motifs also occur in plant ferritin gene promoters (Deng and Eriksson 2007) . Our analyses demonstrated that only promoters of Physcomitrella PhysFer1 and both Selaginella Sel1 and Sel2 lack FeREs at all (within 2,000-bp upstream from the open reading frames). In remaining promoters, up to three copies of FeRE1 or FeRE2 were found. However, only 12 of 43 genes contain both elements within the upstream 1,000 bp distance from ATG. Additionally, FeRE2 seemed to be more frequent in the promoters of lower plants and monocots, whereas in eudicots, FeRE1 was dominant (supplementary table 2, Supplementary Material online). A more detailed analysis demonstrated that, in lower plants, FeREs usually overlap with sequences displaying some similarity to IDRS. In higher plants, FeREs are placed within extIDRS ( fig. 3) . Green algae promoters contain in this region almost exclusively FeRE2s (in two blocks) with the only exception of ChlFer2 where FeRE1 was found. Instead within two Physcomitrella promoters (PhysFer1 and PhysFer4), FeRE1s are present at similar positions. Curiously, the arrangement of FeREs, in higher plants, appeared characteristic for subclasses distinguished based on ferritin polypeptide analyses (monocots, eudicot-1, and eudicot-2) (figs. 2-4). The block of FeREs, located within the extIDRS of monocots, consists of only FeRE2 elements and is accompanied by another block of FeRE2s localized downstream (42-51 bp). Among monocots, sorghum SorFer1 was the only exception as it contained FeRE1. FeRE2s appearing at the same positions as in monocots are also present in most of eudicot-1 extIDRSs, except for AlFer2 where this element is shifted 11-nt upstream, and AtFer2, AlFer3, and RicFer2 where no FeRE2s were found. Additionally, extIDRSs of the latter (AtFer2, AlFer3, and AtFer3) contain FeRE1s at the same position as FeRE2 of AlFer2. Thus, only the RERR of RicFer2 lacks any typical FeREs. And again, all eudicot-2 extIDRSs contain FeREs, located at exactly the same position as FeRE2 in monocots and eudicot-1, but in this case, they are only FeRE1 type. The only FeREs (besides of this from monocots) localized outside of extIDRS were FeRE1 found in three eudicot-2 promoters: AlFer1 and AtFer1 (53-and 52-nt downstream, respectively) and PotFer6 (32-bp upstream). FeREs were also identified on the complementary strand (in reverse orientation), and in some cases, their positions could be considered as characteristic (data not shown). Experiments involving FOX1 from Chlamydomonas showed that FeREs function as activator-binding sites in iron-deficient conditions but not as repressor-binding sites in ironsufficient conditions. Moreover, it has been found that two FeREs were needed for iron-regulated expression of this gene. Similar motifs were earlier found as core sequences of yeast iron-responsive elements, but in contrast to Chlamydomonas reinhardtii, only one copy of FeRE was needed to interact with Aft transcription factors (Yamaguchi-Iwai et al. 1996; Rutherford et al. 2003; Rutherford and Bird 2004) . It is worth mentioning that in earlier functional analyses of maize and Arabidopsis promoters, sequence we recognized as FeRE was shown to be the most sensitive part of IDRS (Petit, van Wuytswinkel, et al. 2001) .
Noting that some nucleotide substitutions in FeRE1 retained its functionality in Chlamydomonas, FOX1 promoter raised the question whether such FeRE1 variants might contribute to the diversification of mechanisms controlling ferritin gene expression (Deng and Eriksson 2007 . This analysis, however, resulted in the identification of three very characteristically localized FeRE1d variants: (i) CGCGCT, which overlaps FeRE1 within extIDRS in five of six monocots and in RicFer2 of eudicot-1 ( fig. 3) , and (ii) CACACT, which appears in the centre of most of eudicot-2-specific ELEM3s, in front of FeRE2 block ( fig. 4A ). It should also be noticed that the CACGCT variant of FeRE1d was identified within extIDRS of AlFer3 and RicFer2, the only ones lacking any typical FeREs. Thus, all extIDRSs comprise at least one copy of FeRE. Some FeRE1d-type elements besides these mentioned above were also identified within RERR (fig. 4 ).
Characteristic and (sub)class-specific (monocot, eudicot-1, and eudicot-2) distribution of FeRE1 and 2 within ferritin gene promoters suggests that genes encoding structurally different ferritin subunits can be differently regulated. Additionally, it is possible that elements responsible for the regulation of iron-deficiency-induced genes in lower plants are functional in higher plants too. Our results also imply that mechanisms similar to those regulating nonferritin genes in iron-deficiency conditions are involved in the repression/derepression of ferritin genes. As these elements are so characteristically emplaced within extIDRS, they can be targets for either trans-acting factors interacting with IDRS-like elements or some other unknown transcription factors. This is the first so extensive phylogenetic analysis of plant ferritins combined with the comparative analysis of their genes. Our results show that there exist at least two subclasses of ferritins in eudicots. Regularities found in the organization of ferritin promoters suggest that genes belonging to the same subclass are similarly regulated. The Plant Ferritins · doi:10.1093/molbev/msp196 observed diversity between monocot, eudicot-1, and -2 ferritin polypeptides also explains why ELEMENT1-6 as well as sequences extending IDRS have not been identified earlier when ZmFer1 and AtFer1 were compared (Petit, van Wuytswinkel, et al. 2001) . Our search also involved intron sequences. The analysis, analogous to that performed for promoter regions, did not reveal any potential regulatory elements. It seems that the results presented here are a good starting point for further experiments aiming at the precise elucidation of the role of individual RERR motifs in the differential regulation of ferritin genes.
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